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REMARKS 

Claims 12-18 and 21-30 are pending. Applicants have amended claims 
12-18, 22, 25 and 27-29. Claim 24 has been cancelled. No new matter is 
believed to have been added. Applicants have amended the specification 
including Figure 1. Figure 1 was amended to correct a typographical error in 
which an arrow was misplaced. A clean copy of the amended figure is 
attached herewith. Additionally, the term "alpha," which appears on pages 7 
and 8 of the specification, has been removed. A description has been added 
that summarizes incorporated subject matter described in Patent '247. The 
following comments are directed to the Examiner's objections in the office 
action dated December 4, 2003. 

Applicants believe it is helpful to summarize the claimed invention 
before addressing the objections. 

The claimed invention presents an important improvement in the field 
of intein cleavage for protein ligation. The claimed improvement in intein 
cleavage depends on the novel use of MESNA in place of other thiol reagants 
such as DTT. MESNA was fortuitously and unexpectedly discovered after 
significant experimentation with a range of thiol reagents and was not 
predicted by the applicants or others before the present claimed invention. 

The inventiveness of the present claimed invention resides in the use 
of MESNA as a thiol reagent in intein mediated cleavage for protein ligation 
and not in the discovery of intein mediated cleavage itself. However, many 
of the Examiner's comments in the office actions query the mechanisms of 
protein cleavage. The principles of intein mediated cleavage with respect to 
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native and modified inteins was discussed in detail and appeared to be 
understood by Examiners Achatamurthy and Moore at the interview at the 
U.S. Patent and Trademark Office in August 2003. 

The mechanism of cleavage and the use of thiol reagents has been 
described in previously published patents and references (for example, 
Chong et al. Gene 192 (1997) reference attached, US 5,834,247 and Telenti 
et al.). Cleavage reactions rather then splicing occurs under conditions of 
controllable protein splicing. Controllable splicing occurs when a native 
intein is in a foreign context, or a mutation prevents splicing absent a 
particular condition or when an amino acid in the vicinity of the splice 
junction is chemically modified to result in splicing inhibition subject to a 
change in a particular condition. If a thiol reagent is present in the reaction 
mixture when a specified change in condition occurs to induce splicing, 
cleavage occurs instead of splicing. Splicing is trumped by the presence of a 
thiol reagent, which induces cleavage of the intein instead of splicing. 

Failure on the part of the applicant to respond to any statement by the 
Examiner concerning his interpretation of the specification is not intended to 
signify agreement with the interpretation by the Examiner. This latter 
statement, while not explicitly made previously, is intended to apply to every 
office action received in this prosecution file. 

Rejection under 35 U.S.C.S 112 first paragraph 



(1) The terms " naturally occurring intein", "intein", "intein derivative" 
and intein mutant" are rejected as not enabled in the methods in claims 12, 
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17, 25 and 28. The Examiner refers to office action paper 10 , page 5, lines 
6-10 and 19-21 for the recitation of reasons for the rejection. However, in 
the final office action dated 5/23/03, the Examiner appeared to accept 
applicants' explanation of enablement. The reason is unclear to Applicants 
as to why the Examiner has now raised the same objection again. 



The original objection stated 

Claims 12-16 are rejected for lack of enablement because claim 12 
embraces in its clause (a) any and all precursor proteins having a 
native intein where the specification teaches instead that an intein 
must be specifically modified by mutating its amino acid sequence or 
otherwise modifying its structure eg truncating or dividing it or both so 
that it cannot excise itself with a concomitant protein splicing reaction. 

..where the mutant or derivative thereof is incapable of promoting 
protein splicing with the amino proximal region of the "precursor 
protein 

In the response dated 12/23/02, applicants stated that support for the use 
of "naturally occurring inteins" in the method claims could be found for 
example on pages 6-7 and page 8 of the disclosure. 



The disclosure states on page 8 of the application 

" In a preferred embodiment, the intein may be any CIVPS such as 
SceVMA, Mxe GyrA or derivatives or mutants thereof (referring to 
Comb et al Patent 5,496,714 and 5,834,247) 



Patent 5,496,714 defines a CIVPS as follows: 



CIVPSs of the present invention include any intervening protein 
sequence in which the splicing reaction can be controlled, either by 
inherent properties of the native IVPS, such as an increase in 
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temperature, or by modifications made to an IVPS that allow the 
splicing reaction to be controlled, (col 8, lines 59-63) 

Patent 5,496,714 explains how a native intein can be controllable 
when placed in a foreign context or when modified. Patent '247 describes 
how splicing or cleavage may be initiated under conditions that include 
temperature, change in pH, exposure to light, phosphorylation, glycosylation 
and chemical reagents (cols 8 and 12). For clarification, the term "naturally 
occurring" has been replaced by the word "native". Applicants assert that 
these adjectives are intended to and actually do mean the same but the use 
of "native" ensures consistency with the term in the definition used in the 
'247 patent. Applicant is unaware of any different interpretation of the term 
CIVPS. 

The term " derivative" is further exemplified in Patent '247 cols 8 and 
12. A description of "derivative" from the incorporated '247 reference has 
now been introduced in the specification as specified above following 
Examiner Nashed's request. 

(2) Claims 12, 17, 25 and 28 are found objectionable for reasons laid 
out in office action paper number 10, page 4, lines 10-12 in which the 
Examiner developed a theory as to what the specification enabled. In the 
final office action dated 5/23/03, the Examiner appeared to accept the 
applicants' arguments that the claims are enabled. This response is 
presented in (b) on page 7 of the response dated 12/23/02. The reason is 
unclear to Applicants as to why the Examiner has now raised the same 
objection again. 
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The Examiner has rejected the claims again asserting that the 
specification states a requirement for modifying a naturally occurring intein 
by at least replacing the C-terminal asparagine. This is incorrect. Applicants 
used the asparagine modification of the Mxe GyrA intein in Example 1. There 
is no assertion in the specification that a modified asparagine is required for 
all inteins. Indeed, applicants explained in the interview in August 2003 to 
the apparent satisfaction of supervisory Examiner Achutermurthy and 
Examiner Moore, how the Telenti reference shows that cleavage of a native 
or modified intein can be achieved without replacement of a C-terminal 
asparagine. 

The Examiner asserts that the specification does not enable "a 
component other than at least an intein that is incapable of promoting 
protein splicing at its amino terminal fusion with the selected protein". The 
Examiner is mistaken. No such requirement is presented in the specification 
nor is it appropriate. Indeed, applicants explained in the interview" in August 
2003 to the apparent satisfaction of supervisory Examiner Achutermurthy 
and Examiner Moore, how the Telenti reference showed that splicing 
competent inteins can be induced to undergo N-terminal intein cleavage in 
the presence of DTT. 

The Chong reference is provided here to further instruct the Examiner 
on the mechanism of cleavage in the presence of a thiol reagent. 

(3) The subject matter of Claim 24 has now been integrated into claim 
22 following the suggestion of the Examiner. 
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(4) The Examiner has previously rejected the claims to formation of a 
C-terminal thioester using the thiol reagent DTT in light of Patent '247 
(Figure 28 of the application). In contrast to this prior art reference, 
independent method claims 12, 22, 25 and 28 specifically requires MESNA. 
Enablement is fulfilled by the teaching in the specification for substituting 
MESNA for prior art thiol reagents in intein mediated cleavage reactions 
(page 8 of the application) to produce higher yields of cleavage product 
suitable for protein ligation. 

(5) The Examiner has queried the following: 

(a) The relative size of the inactive protein and the chemically 
synthesized peptide or protein, 

Applicants have described in Example 1 on page 14 of the 
specification how a protein or peptide can be synthesized using standard 
Fmoc tm chemistry. The claims are not intended to be limited by an absolute 
size for a chemically synthesized protein or peptide but rather is limited by 
the capability of synthetic chemistry. 

(b) Restoration of protein activity and how to assess the same. 

Claim 28 directed to restoring protein activity is enabled in the 
application by the description in Example VI which describes how a protein 
exemplified by the restriction enzyme protein-Hpal, can be reconstituted by 
ligation to form an active protein. It is possible that others (including the 
Examiner) may make assumptions about protein folding but this is not 
necessary for the claimed invention which experimentally demonstrates 
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restoration of protein activity subsequent to ligation of two parts of a 
protein. 

The activity of the ligated protein was assessed in the examples of the 
above application by using a standard activity assay for the protein which 
demonstrated that activity was restored. It is generally accepted by those of 
ordinary skill in the art that the restoration of activity of a protein can be 
assessed in an activity assay. 

Applicants assert that the specification supports the full scope of claim 
28 because a person of ordinary skill in the art would be able to reproduce 
the claimed invention without undue experimentation. 

In summary, the applicants respectfully assert that the claims are 
enabled by the present specification in view of the state of the art at the 
priority date in 1998 and that the rejection should be reversed. 

Indefiniteness 

Applicants thank the Examiner for suggestions on how to amend the 
claims for purposes of clarification. In large part, applicants have adopted 
the Examiner's suggestions to remove any basis of indefiniteness. None of 
the amendments are believed to alter the scope of the claims. Applicants 
respectfully request reversal of the rejection. 



Double patenting 
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Claims 22 and 27-30 are provisionally rejected under the judicially- 
created doctrine of obviousness-type double patenting as being unpatentable 
over claim 73 of co-pending Application No. 09/249,543. 

Claim 73 of Application No. 09/249,543 as entered requires in element 
(ii) forming a protein having an N-terminal cysteine or selenocysteine after 
intein mediated cleavage of a fusion protein. Claims 22 and 27-30 on the 
other hand, rely on ligating a chemically synthesized peptide or protein in 
which the synthesis includes creating an N-terminal cysteine. This is distinct 
from the claimed improvement in '543 where intein cleavage yields an N- 
terminal cysteine or selenocysteine in place of chemical synthesis claimed in 
the present application. There was no teaching in the art at the time of filing 
the above application that the improvement in '543 was possible or 
desirable. 

Rejections under 35 U.S.C. 6103 

The Examiner has rejected the claims by combining Chong et al., 
Severinov et al. Muir et al., Telenti et al. and Comb et al. separately and 
together in various combinations with Burton et al and the Dictionary of 
Organic Chemical Compounds. All the references with the exception of 
Burton et al. have been separately discussed in the response dated 8/20/03 
and rejections based on 35 U.S.C. §102 and 103 had been reversed. The 
issue at hand is the newly cited reference by Burton published in 1998 and 
the Dictionary of Organic Compounds which is undated. 

Applicants respectfully request that the Examiner reverse the rejection 
for reasons that include (1) improper use of hindsight, (2) the absence of 
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any indication of motivation for combining references (3) secondary 
considerations of the widespread use of the claimed invention after its 
publication, (4) the teaching away from the claimed invention by Burton et 
al. ; and (5) the lack of motivation to select MESNA from a list of thiol 
reagents contained in the Dictionary of Organic Compounds. 

Chong et al. describes purification of proteins not the inter- 
dependent joining of two proteins or a protein and a peptide. Moreover, 
Chong et al. neither suggests nor teaches the use of MESNA as a 
nucleophilic substitution reagent for intein mediated cleavage and protein 
ligation. 

Severinov et al. describe protein ligation using the vectors supplied by 
New England Biolabs to express fusion proteins for purposes of studying 
transcription, (see Methods on page 16205). The reference teaches the use 
of thiophenol as a thiol reagent. It does not teach or suggest the use of 2- 
mercaptoethanesulfonic acid as a nucleophilic substitution reagent for intein 
mediated cleavage. 

Muir et al. describe the use of New England Biolabs vectors containing 
inteins and a protein binding domain for preparing precursor proteins for 
cleavage. The reference utilizes thiophenol but neither suggests nor teaches 
the use of 2-mercaptoethanesulfonic acid as a nucleophilic substitution 
reagent for intein mediated. 

Telenti et al. describe the Mxe GyrA intein, which is characterized in 
the reference with respect to splicing and cleavage but not with respect to 
its use iri ligation. Moreover, there is no suggestion in Telenti et al. that 
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nucleophilic substitution in an intein mediated cleavage reaction could be 
effectively achieved with MESIMA. 

Comb et al describe intein mediated cleavage in the presence of DTT. 
There is no suggestion that 2-mercaptoethanesulfonic acid be used as a 
nucleophilic substitution reagent for intein mediated cleavage for protein 
ligation. 

Burton et al. 

A reference must be considered as a whole when making 
an obviousness rejection (MPEP 2141). When considered as a whole, the 
Burton reference is substantially different from the claimed invention. 
Without a teaching to do so, one of ordinary skill in the art would not refer to 
the Burton reference because it describes an entirely different chemistry and 
a different solution to an entirely different problem than described in the 
claimed invention. Even if the Burton reference were considered by one of 
ordinary skill in the art, no motivation is provided in the art to select MESNA 
in preference to other thiol reagents. 

Differences between Burton et al. and the present claimed invention include: 

(a) The Burton reference provides no motivation for selecting MESNA 
for any reason let alone intein mediated cleavage. Indeed the Burton 
reference teaches that any thiol reagent from a list of 15 (col 16, lines 1-8) 
would be equally effective for the purposes described in the reference. This 
list of thiol reagents includes MESNA and also other thiol reagents that the 
applicants have found to be unsuitable for nucleophilic substitution in intein 
mediated cleavage for protein ligation such as 3-mercaptopropionic acid. 
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This teaches away from the applicants' finding that certain thiol reagents in 
this list behave substantially differently from each other with respect to 
intein mediated cleavage reactions (Figure 2). 

(b) The reference is directed exclusively to free radical chemistry. This 
is not the chemistry used in the claimed invention which relies on 
nucleophilic substitution for intein mediated cleavage and protein ligation. A 
protein chemist or person of ordinary skill in the art would recognize that a 
free radical reaction is different from a nucleophilic substitution reaction. 

(c) The double bond, in Figure 3 of the Burton reference which is 
adjacent to a reactive carbon on an ethylene, must be broken to add the 
thiol reagent exemplified by MESNA. There is no such requirement in the 
present claimed invention. 

(d) Burton et al. links the thiol reagent to ethylene to form a sorption 
substrate product. Target proteins that reversibly bind the thiol reagent are 
then purified chromatographically. 

In the applicants' claimed invention, the thiol reagent is involved in 
nucleophilic substitution chemistry that results in the formation of a C- 
terminal thioester on a protein for covalent linkage to a peptide. The product 
of the reaction involving the nucleophilic substitution reaction is the 
covalently linked protein-peptide product and not as in Burton et al a protein 
or synthetic compound covalently linked to the thiol reagent. 



The Examiner has asserted 
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Burton et al. teach that any of several thiol reagents including MESNA 
will provide a reactive thiol ligand for the purpose of ligating a target 
compound such as a protein or peptide. See paragraph spanning 
column 5 and 6 and col 6, lines 41 and 42. 

The paragraph preceding that cited by the Examiner in the Burton 
reference (col 6, lines 55-58) states 

Thiol containing ligands which are reactive with an ethynically 
unsaturated group pendent to the support matrix under free radical 
conditions are referred to as "reactive thiol containing ligands". 

Previous to this paragraph in col 6, lines 37-38, the text adds to the 
definition of a thiol containing ligand, the requirement that the ligand, 

when bound to the support matrix is capable of binding target 
compounds during the sorption stage of chromatography 

In Burton et al. target proteins are bound reversibly (including proteins 
as stated in col 6, lines 40-51) to the reactive thiol containing ligands 
during the sorption stage of chromatography. 

In conclusion, applicants assert that the Burton reference teaches 
away from the present claimed invention alone or in combination with the 
other cited references and as such applicants respectfully request that the 
Examiner reverse the rejection. 

The Dictionary of Organic Compounds 

The references in column 1 of Burton et al. do not include the 
Dictionary identified by the Examiner. There is no specifically stated 
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motivation to combine the Dictionary with Burton et al.. Even if there was 
motivation, the combination would not describe the present claimed 
invention. 

The Examiner has asserted those of ordinary skill in the art practicing 
intein mediated cleavage for protein ligation in the presence of the thiol 
reagent, DTT, would be motivated by Burton and the Dictionary of Organic 
Compounds to select MESNA. For the reasons given above, Applicants 
assert that Burton et al. teaches away from the claimed invention. 

The issue at hand therefore is whether the Dictionary of Organic 
Compounds which describes multiple thiol reagents would be sufficient 
alone to motivate one of ordinary skill in the art to replace DTT with MESNA. 
This is a clear application of hindsight. 

The Examiner has asserted that two criteria-pKa and solubility which 
are parameters contained in the Dictionary description of thiol reagents are 
sufficient to direct a skilled artisan to select the optimum thiol reagent for 
intein mediated cleavage suitable for peptide ligation. The Examiner has not 
however provided any teaching in the art to support this assertion. 

In contrast, Applicants assert that it is unknown what role is played by 
the pKa of a thiol reagent in intein mediated cleavage. For example, DTT 
has two thiol groups having a pKa of 9.2 and 10.1, where this reagent is not 
a particularly effective thiol reagent for generating a protein having a C- 
terminal thioester suitable for protein ligation. The Examiner asserts that 
the higher the electronegativity of the thiol reagent the more suitable it is 
for intein mediated cleavage and peptide ligation. Not only is this unfounded, 
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it appears to be untrue also. In summary, there is no basis for the 
Examiner's assertion that a pKa of 9.7 alone renders a thiol reagent inferior 
to one with a pKa of 9.5 for intein mediated cleavage and protein ligation. 

The Examiner has asserted that the second criterium for choosing 
MESNA is its solubility. However many of the thiol reagents tested by the 
applicants were soluble for example, DTT. 

In the telephone interview, Examiner Nashed asserted a third 
criterium, namely that of smell where MESNA is not smelly and therefore is 
preferred. However, DTT is not smelly. Moreover, thiophenol which was a 
reagent of choice in native chemical ligation is exceedingly smelly. 

Applicants respectfully assert that the Examiner's criteria for selecting 
a suitable thiol reagent for intein mediated cleavage is not supported by the 
art and is an exercise in hindsight. 

In summary, the properties of a desirable thiol reagent for intein 
mediated cleavage for protein ligation do not rely solely on solubility or 
electronegativity. Other factors such as "leaving group" properties play a 
role. The ability of the thiol reagent to gain access to the intein active site 
also plays a role. Because the factors are complex and uncertain, applicants 
screened multiple agents before identifying MESNA. 

Applicants assert that no motivation is provided for combining the 
references discussed above or for the rejection of the claims as obvious in 
light of such combination. 
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For the reasons provided above, applicants respectfully request the 
Examiner to remove the rejection. 
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CONCLUSION 



For the reasons set forth above, Applicants respectfully submit that the 
rejections set forth in the Official Action of May 23, 2003 have been 
overcome and that this case is in condition for immediate allowance. Early 
and favorable consideration leading to prompt issuance of this Application is 
earnestly solicited. Applicants petition for an extension of three months 
under 37 C.F.R. 1.136 and enclose a check for $475 covering the extension 
fees. Applicants authorize that any additional fees that may be due be 
charged to deposit account number 14-0740. 



Should the Examiner wish to discuss any of the amendments and/or 
remarks made herein, the undersigned Attorney would appreciate the 
opportunity to do so. Thus, the Examiner is hereby authorized to call the 
undersigned collect at the number shown below. 



Respectfully submitted, 




NEW ENGLAND BIOLABS, INC. 



Date: May 28, 2004 



Harriet M. Strimpel, D.Phil. 
(Reg. No. 37,008) 
Chief Patent Counsel 
32 Tozer Road 

Beverly, Massachusetts 01915 
(978) 927-5054; Ext. 373 
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A novel protein purification system has been developed which enables purification of free recombinant proteins in a single 
any means, e/ajomatographic step. The system utilizes a modified protein splicing element (intein) from Saccharomyces cerevisiae (See YMA 

tein) in conjunction with a chitin-binding domain (CBD) from Bacillus circulans as an affinity tag. The concept is based on the 
wtigence or observation that the modified See VM A intein can be induced to undergo a self-cleavage reaction at its N-tenninal peptide linkage 
vances in the ny 1,4-dithiothreitol (DTT), P-mercaptoethanol (P-ME) or cysteine at low temperatures and over a broad pH range. A target 

rotein is cloned in-frame with the N-terminus of the intein-CBD fusion, and the stable fusion protein is purified by adsorption 
nitute a guaranty® a chitin column. The immobilized fusion protein is then induced to undergo self-cleavage under mild conditions, resulting in 

le release of the target protein while the intein-CBD fusion remains bound to the column. No exogenous proteolytic cleavage is 

eeded. Furthermore, using this procedure, the purified free target protein can be specifically labeled at its C-terminus. © 1997 
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I. Introduction 



Purification of recombinant proteins by the use of 
'tive {the us $ (affinity tags is a convenient and widely used technology 
*ptedonapre( La Vallie and McCoy, 1995). A target protein is 

expressed as a fusion with an affinity tag which allows 
*o> 485 3598, c P Uf ification on an affinity column. A variety of affinity 

tags have been used, including Schistosoma glutathione 
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Abbreviations: Amp', ampicillin resistance gene; p-ME, 
p-mercaptoethanol; bp, base pair(s); CBD, chitin-binding domain; 
DTT, 1,4-dithiothreitol; Intein, modified See VMA intein; IPTG, 
isopropyl-P-r>thiogalactopyranoside; kb, kilobase(s) or 1000 bp; kDa, 
kilodalton(s); /acl*, gene overexpressing lac repressor; MBP or M, £. 
coli maltose-binding protein; MCS, multiple cloning site; NEB, New 
England Biolabs, Inc.; PAGE, polyacrylamide gel electrophoresis; 
J\ac» tac promoter; PCR, polymerase chain reaction; SDS, sodium 
dodecyt sulfate. 



5-transferase (GST) (Smith and Johnson, 1988), 
Escherichia coli maltose-binding protein (MBP) (Guan 
et al., 1988), Staphylococcus protein A (Nilsson and 
Abrahmsen, 1990), polyhistidine (Van Dyke et al., 
1992), and calmodulin-binding peptide (Stofko-Hahn 
et al., 1992). Following protein purification, the affinity 
tag is typically cleaved from the target protein by 
treatment with a site-specific protease (LaVallie and 
McCoy, 1995). The use of proteases has limited the 
application of many affinity purification systems. First, 
cleavage by proteases is not always specific and may 
result in cleavage at secondary sites within the target 
protein. Second, the elevated temperatures required for 
many proteolytic cleavage reactions may unfavorably 
affect protein stability or activity. Third, the cleavage is 
sometimes inefficient due to the inaccessibility of the 
cleavage site on the fusion protein. Finally, additional 
chromatographic steps are required to separate the 
target protein from the affinity tag and the protease. 

To avoid the limitations of using proteolytic cleavage, 
we have investigated the utilization of the inducible 
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self-cleavage activity of a protein splicing element in 
protein purification (Fig. 1A). Protein splicing is a post- 
translational processing event in which an internal pro- 
tein segment, the intein (Perler et al., 1994), can catalyze 
its own excision from a precursor protein and concomi- 
tantly hgate the flanking regions, the exteins, to form a 
mature protein (Kane et al., 1990; Hirata et al 1990- 

?oo?v aL ' !" 2; Perler et al - l992 > Co °P« •* al.,' 
1993; Xu et al., 1993). Using in vitro protein splicing 
systems, we have elucidated the protein splicing pathway 
of interns from the thermostable DNA polymerase of 
Pyococcus sp. GB-D and the 69-kDa vacuolar ATPase 
suounit of Saccharomyces cerevisiae (Xu et al 1993 
1994; Shao et al., 1995, 1996; Chong et al., 1996- Xu 
and Perler, 1996). Through amino acid substitution, we 
haye been able to modulate each step in the splicing 
pathway and convert the splicing reaction into an effi- 
cient polypeptide cleavage reaction at either splice junc- 
tion (Xu and Perler, 1996; Chong et al., 1996) 
ipecincally, a single amino acid substitution, Asn 454 to 
Ala, at the C-terminal splice junction of the intein from 

c fr'^ VaCU ° lar ATPaSe Subunit of S - cerevisiae 
{See VMA intern), has been shown to block splicing and 
C-terminal cleavage, but not the N-terminal cleavage 

^\?" S , acyl sm at 03,81 et i 

1996) (Fig. IB). Nucleophiles that react with thioesters 
such as thiols (i.e., P-ME, DTT, cysteine) and hydroxyl- 
amine, can effectively shift the N-S equilibrium by 
attacking the thioester, thereby inducing the N-terminal 
c eavage of the intein. In the case of cysteine-induced 
cleavage a spontaneous S-N shift occurs after the 
nucleophilic attack by the sulfhydryl group of cysteine, 
resulting in formation of a native peptide bond between 

aZfmnFitm*™™ ° fthe (Ch ° ng 

Here we report the utilization of the inducible self- 
cleavage activity of the modified See VMA intein (Y) 
to develop a novel protein purification system We 
demonstrate the effectiveness of the system by expressing 
a number of procaryotic and eucaryotic proteins in 
E cob and purifying them free of their affinity tag after 
a single chitin column. 



2. Results 

2 '1\ C< Z^ Cti ° n ° fthe M ™ fusion and characteristics 
oj the CBD as an affinity tag 

The maltose-binding protein from R coli (MBP or 
M I was fused to the N-terminus of the modified 'see 
VMA mte,n(Y) containing an Asn«<Ala substitution, 
and a small (5 kDa) chitin-binding domain (CBD or B 
from the C-terminal region of chitinase Al from Bacillus 
etrculans WL-12 (Watanabe et al., 1994) was fused to 
the C-terminus of the intein. The resulting fusion 
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construct P MYB129, was used as a model system fo. 
studies of affinity binding and inducible cleavage at the 
N-terminal splice junction. The fusion protein MYB 
bound tightly to chitin beads. In a typical experiment, 
about 2 mg of the MYB fusion protein from crude cell 
extract bound to 1 ml of chitin beads (David Landry, 
, , U U T^ hed reSUlts) - Hi « h saIt concentrations (up 
° i. M ^ aC1) ' ° 1% Triton X " 100 or T ween 20 and 
1 mM EDTA had no effect on the binding of the CBD 
to chitin beads (data not shown). Buffers containing 
i>DS (>0.5%) or guanidinium (6 M) were required to 
strip MYB or other CBD fusion proteins from chitin 
beads (data not shown). 

2.2. Thiol-induced cleavage at the intein N-terminus in 
the MYB fusion protein 

i 

To study cleavage of the MYB fusion protein in 
solution, the unspliced MYB fusion protein (97 kDa) 
was purified on a single amylose column, with a yield 
of about 20 mg per liter of culture. The MYB fusion 
protein was very stable in vivo, during purification and 
during storage in solution at 4°C. Incubation of MYB 
at temperatures ranging from 25°C to 50°C resulted in 
noincrease in M and YB (data not shown). The purified 
MYB fusion protein was treated at 4°C with different 
concentrations of DTT, P-ME and free cysteine (Fig 2) 
More than 90% of MYB was cleaved by 30 mM DTT 
after 16 h incubation, generating M (42 kDa) and YB 
(55 kDa) (Fig.2B), whereas P-ME was less effective 
(70% cleavage after 16 h; Fig. 2A). Cleavage by DTT 
was, more efficient at high pH (Fig. 2D). Cleavage of 
MYB by cysteine was less efficient than cleavage by 
DTT or p-ME and required higher concentrations and 
higher pH values (Fig. 2C). The cleavage of MYB by 
hydroxylamine (100 mM) was also tested and found to 
be less efficient at 4°C than the thiol compounds (data 
not shown). In the absence of DTT, P-ME of cysteine, 
the MYB fusion protein was completely stable at 4°C 
in the 5.5-9.0 pH range. A typical control sample is 
shown m the first lane of each panel in Fig. 2 
Furthermore, the cleavage reaction by DTT P-ME or 
cysteine was efficient over a wide range of sit concen- 
trations (50 mM-2M NaCl) and in the presence of 
0.1% Triton X-100 or Tween 20 (data not shown). 

2.3. Cleavage of the MYB fusion protein immobilized on 
chitin beads 

The crude cell extract containing MYB was mixed 
with chitin beads. After extensive wash to remove 
unbound proteins, different concentrations of p-ME or 
DTT were applied to the beads to induce the cleavage 
reaction at 4°C. Only MBP was eluted after a 6h or 
16 h incubation (Fig. 3A and B). These results indicate 
that cleavage occurred at the intein N-terminus while 
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unbound proteins 



(I) Load crude cell extract 
onto an affinity column 
and wash off unbound 
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Fig. 1. (A) The concept of the intern-mediated protein purification with a self-cleavable affinity tag. A target protein is fused to the N-tenninus of 
a modified protein splicing element (intein) which is in turn fused to an affinity tag (CBD). The fusion protein from a crude cell extract is purified 
by adsorption to a chitin affinity column (I). The intein is then induced to undergo on-column self-cleavage (arrow) by a chemical reagent (II). 
The target protein is specifically released from the column and eluted as a pure protein (III). (B) The chemical mechanism of the intein N-terminal 
cleavage reaction. The See VMA intein was modified by an Asn 454 Ala mutation which inactivates its splicing and C-terminal cleavage activities 
(Chong et al., 1996). This modified intein, when inserted between a target protein and a chitin-binding domain (CBD), catalyzes an N-S acyl shift 
at its N-terminal Cysl which results in a thioester bond between the target protein and Cysl. Normally, the equilibrium of the N-S shift strongly 
favors peptide bond formation and the fusion precursor is quite stable. The presence of f*-ME (I), DTT (II), cysteine (III) or hydroxylamine (IV) 
shifts the N-S equilibrium by cleaving the thioester bond. After cleavage, P-ME (I) or DTT (II) is hydrolyzed from the C-terminus of the target 
protein, while cysteine (III) or hydroxylamine (IV) remain covalently attached to the target protein. In the case of cysteine, a subsequent S-N 
shift results in formation of a native peptide bond. Cysteine can also attack the C-terminal thioester bond of the DTT-cleaved target protein and 
subsequently attach to the target protein through a peptide bond (V). Therefore, when a labeled cysteine is used, the target protein can be 
specifically labeled at its C-terminus. 
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Time 



4hr 



16 hr 
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MYB 



MYB 
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TTG GCA GGA-3', (6) 5'-pGGA TGG TTC CCA TCC T^fflrA 'IZP* 0 AC ° TAT M TGT ™ CAG CCC CAC ACC TCC 
AAC GTT CCT GCC TTGTGG CAG CTT CM tS ^A^v^^°^ 000 010 CAA ACA " 3 > <*> 5'-pTGG GAA £S TCC 
eight oligonucleotides were annealed and heated fato t£ ?i ( V 770 ^ CTG «A CAA GGC AGGAACGTT y tE 

™«£P^^ a derivative of pM^ 

iSL?" ° (RB - MerSha> ^P-^)- The m<S vSSvlZf 8 ^ f ^ ^ Psp *° l fateiB - 1 < Xu " ^ 

^^^^ 

1/2 vol. of 3 xprotem sample buffer (NEB) and boiling for 5 min Each .if w T St ° Pped by the protein samples with 

rnerunnmgbufferwas^mMTris.pHS,, mmM^v^ 



iT n P 1 r ° tein Was Mobilized on the chitin 
beads, and that the cleavage conditions had no effect 
on the bmding of the CBD. To examine the efficiency 

, f VagC ' ^ ^ Were washe d 
with 2% SDS to strip any remaining MYB fusion protein 

of r 86 Pr ° dUCt (YB) - More ^ 90 % 

° ^ M X? P rotein was heaved by 30 mM DTT 
at 4 C in 16 h (data not shown). 

2.4. Construction ofthepCYB vectors for cloning of 
target proteins 6 J 

The MBP sequence of pMYB129 was replaced with a 
senes of multiple cloning sites, yielding the pCYB vec- 
tors (Fig. 4). The pCYB vectors have a ColEl replica- 



tion origin, an M13 origin for generating single-stranded 
DNA and an ampicillin resistance gene. Protein expres- 
sion is under control of an IPTG-inducible toe promoter 
The presence of lacl* repressor gene results in tighter 
transcriptional control. pCYB vectors with a T7 pro- 
moter were also constructed (data not shown). Three 
multiple cloning sites (MCS) of the pCYB vectors are 
shown in F,g. 4B. When the Ndel site is used for cloning 
a target gene, translation can initiate at the ATG of the 
Ndel site and the fusion protein will have the natural 

S'STir f the 1 tM » et P rotein - The use of Sapl site 
of MCS1 will result in the fusion of the C-terminus of 
the target protein to the N-terminal cysteine of the 

% Ol£r l) - Therefore > when *e Ndel and Sapl sites 
ot MCS1 are used, the native sequence of the target 
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[p-ME] mM 0 30 1 10 30 1 10 30 




J 23456789 



B 

Time 6 hr 16 hr 



[DTT] mM 0 30 1 10 30 1 10 30 




123456789 



Fig. 3. Induction of cleavage of MYB immobilized on chitin beads 
with P-ME (A) or DTT (B). Lanes: 1, protein molecular weight stan- 
dards (kDa, NEB); 2, purified MYB; 3, cleavage of the purified MYB 
in solution by 30 mM P-ME or DTT at room temperature for 6 h; 
4-9, eluate from chitin beads after treatment of bound MYB protein 
with different concentrations of 0-ME or DTT at 4°C for 6 or 16 h. 
The samples were examined by Coomassie Blue staining. M, maltose- 
binding protein; YB, intein-CBD fusion. Methods: Spherical chitin 
beads were prepared by emulsification of a solution of chitosan in 10% 
acetic acid with an organic solvent containing a suitable surfactant, 
followed by the addition of acetic anhydride (Roberts and Taylor, 
1988). After gelation, the resulting beads (50-100 mm) were washed 
with water. Following dehydration by washing with methanol, the 
beads were reacetylated with acetic anhydride. The degree of N-acetyla- 
tion was determined with the 2,4,6-trinitrobenzenesulfonic acid and 
perchloric acid assay using a glucosamine standard (Wilkie and 
Landry, 1988). Chitin beads are commercially available from NEB 
(cat. No. 6651). The MYB fusion protein was expressed as described 
by Chong et al. (1996). 1 ml of the clarified cell extract was mixed 
with 0.2 ml chitin beads in an Eppendorf tube. After 10 min incubation 
at 4°C, the beads were washed 5 times with column buffer. 0-ME or 
DTT at various concentrations (1-30 mM) in the column buffer was 
then applied to the beads and the samples were incubated at 4°C for 
6 or 16 h. Chitin beads were spun down and the supernatant was 
collected and analyzed by SDS-PAGE as described in Fig. 2. 



protein will be obtained after cleavage, with no vector- 
derived amino acid residues. When a target gene is 
cloned into the Ndel and Smal sites of MCS2, the target 
protein will have an additional glycine residue at its 
C^erminus after cleavage. When the Ndel and Xhol 
sites of MCS3 are used, the target protein will have 
three additional residues (leucine-glutamate-glycine) at 
its C-terminus. 



2.5. Expression and purification of target proteins using 
pCYB vectors 

To demonstrate that the pCYB vectors can be used 
to express and purify recombinant proteins, a number 
of proteins from both procaryotes and eucaryotes were 
cloned into the pCYB vectors and purified after a single 
chitin column as summarized in Table 1. The procedures 
for the expression and purification of Hhal methylase 
(Caserta et al, 1987) are illustrated in Fig. 5A. After 
induction with IPTG, the fusion protein (approx. 
95 kDa) could be observed in the crude extract (Fig. 5A, 
lane 3), but not in uninduced cells (Fig. 5A, lane 2). 
After the crude extract from the induced cells was loaded 
onto a chitin column, most of the fusion protein bound 
to the chitin resin (Fig. 5 A, lane 4). The column was 
then washed with column buffer. DTT (30 mM) was 
then quickly passed through the column to induce the 
on-column cleavage reaction. No significant amount of 
Hhal methylase was cleaved off the column during this 
brief DTT flush (Fig. 5A, lane 5). The column was then 
incubated at 4°C overnight, followed by elution of 
released Hhal methylase using the column buffer without 
DTT (Fig. 5 A, lanes 6-9). The enzyme was more than 
95% pure as estimated by staining an SDS-PAGE gel 
with Coomassie Blue and was active as determined by 
the standard methylase assay (Caserta et al., 1987) (data 
not shown). Washing the column with 2% SDS to strip 
the bound protein indicated that more than 90% of the 
fusion protein was cleaved (Fig. 5 A, lane 10). The 
expression and purification of some of the recombinant 
proteins are shown in Fig. 5B. The specific activities of 
the purified Bst DNA polymerase large fragment 
(Aliotta et al., 1996) and the BamHl, Bgtll, and EcoRV 
restriction endonucleases (Brooks et al, 1989; Kravets 
et al., 1990) were determined and found to be more 
than 70% of the values obtained with enzymes purified 
by conventional methods (Table 1). The yield of the Bst 
DNA polymerase large fragment was increased by 4-fold 
if a T7 promoter was used in place of a tac promoter. 
The N-terminal catalytic domain (residues 1-177) of 
Brugia malayi cyclophilin PPIase A (Page et al, 1995) 
was purified and a minor band of approx. 55 kDa 
corresponding to the intein-CBD fusion partner was 
also present in the eluate. The purified calmodulin- 
dependent protein kinase (CamKII) (Lin et al., 1987) 
showed an calmodulin-dependent protein kinase activity 
similar to the wild-type CamKII purified by a eucaryotic 
expression system, albeit with reduced activity (S.T. 
Wong-Madden, NEB, personal communication). The 
CamKII sample also contained a minor species migrat- 
ing slightly slower than the major CamKII band. The 
purified T4 DNA ligase exhibited 90% of the specific 
activity of the enzyme purified by multiple chromato- 
graphic columns (Charles Card, NEB, personal 
communication). 




Met Ala Ser Ser Arg Val Asp Ser Arg Glu Phe Leu Glu Gly Ser Ser Cysl 
MCSl CAT AT<? GCT AGC TCG CGA GTC GAC TCT AGA GAA TTC CTC GAG GGC TCT TPP TGC 
Ndel Nhel Nrul Sail Xbal EcoRI Xhol Sapl 

Met Ala Ser Ser Arg Val Asp Ser Arg Glu Phe Leu Glu Pro Gly Cysl 
«CS2 CAT ATg GCT AGC TCG CGA GTC GAC TCT AGA GAA TTC CTC GAG CCC GGG TGC 
Ndel Nhel Nrul Sail Xbal EcoRI Xhol Smal 



_____ Met Ala Ser Ser Arg Val Asp Ser Arg Glu Phe Leu Glu Gly Cysl 

RCS3 CAT ATG GCT AGC TCG CGA GTC GAC TCT AGA GAA TTC CTC GAG GGG TGC 
Ndel Nhel Nrul Sail Xbal EcoRI Xhol 

Fig. 4. (A) The pCYB R coli expression vectors. All pCYB vectors contain the modified See VMA intein (Y, 1362 bp), carrying an Asn 454 Ala 
substitution, and the A circulars chitin-binding doinain (CBD or B, 135 bp). The multiple cloning sequence (MCS) was designed for insertion of 
the target gene in-frame with the downstream See VMA intein-CBD coding region. Expression of intein-CBD fusion proteins is under control of 
a tac promoter and regulated by the lac\* repressor. The rrnB transcription terminators (rrnBTiT.) are located downstream from CBD. The pCYB 
vectors have a ColEl replication origin, an M13 origin for generating single-stranded DNA and an ampicillin resistance gene. (B) Multiple cloning 
sites (MCS) of the pCYB vectors. Translation initiates at the ATG of the Ndel site. The aunino acid sequence is shown above the nucleotide 
sequence and restriction enzyme sites are indicated below the nucleotide sequence. Cysl, the first (N-terminal) amino acid residue of the intein 
and the site of cleavage, is not part of the multiple cloning site. The recognition sequences of Ndel, Sapl, Smal and Xhol are underlined The ATG 
^ Ndel site m PMIB124, a derivative of pMIB115, is 9 bp downstream from the ribosome-binding site of the K coli malE gene (Guan 
et al., 1988) and is used as a translation start codon. Methods: pMIB124 was constructed by replacing the K coli MBP coding sequence in pMIBl 15 
with a polylinker containing Ndel and Xhol sites. pMIB124 was digested by Xhol and Pstl and ligated with the 1.5 kb XhohPstl fragment containing 
J 6 S"™*] 111 ™'™ co^S region frompMYB129 replacing the Psp pol intein,l-CBD sequence. The resulting plasmid pMYB131 was 
aigested by Ndel-Xhol and ligated with a linker containing MCS3 to yield pCYB138 (6840 bp). pCYBl and pCYB2 vectors, with MCSl and 
MCS2 respectively, were created by introducing Sapl and Smal site, respectively, through linker substitution of the region (flanking the N-tenninus 
of the intern) between Xhol and Kpnl sites of pCYB138. 



2.6. In vitro labeling of MBP and Bam/_7 

Following DTT-induced on-column cleavage, purified 
proteins were tested for replacement of the C-terminal 
DTT moiety by radiolabeled cysteine. The initial nucleo- 
philic attack by the sulfhydryl group of cysteine followed 
by a spontaneous rearrangement (S-N shift) results in a 
peptide bond between the cysteine and the C-terminus 
of the target protein (Chong et al., 1996; Dawson et al., 



1994) (Fig. IB). Aliquots of MBP and BamBI eluted 
from the chitin beads by DTT-induced cleavage were 
incubated with l-[ 35 S] cysteine (at 1 \iM final concen- 
tration) immediately after elution. As shown in Fig. 5B, 
MBP (MBP panel: lane 5) and BamUl (BamH panel: 
lane 4) were both labeled. On the other hand, when a 
sample of MBP, purified on amylose resin (NEB) by 
elution with maltose, was incubated with L-[ 35 S] 
cysteine, no labeling was observed (MBP panel: lane 4). 
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Table 1 



Recombinant proteins expressed and purified by pCYB vectors 



Target protein* 


Molecular weight 


Cloning sites 


Promoter 


Host E coli 


Pinal vi^lH 


Activity^ 




(kDa) 






strain** 


( tn Cf /I nilti'iro^ 


Hhal methylase 


40 


Ndel, Xhol (MCS3) 


tac 


ER2267 


3 


_l_ 


MBP 


42 


Ndel, Xhol (MCS3) 


tac 


ER2267 


20 


n.d. 


Bst DNA polymerase lai 


ge fragment 65 


Ndel, Xhol (MCS3) 


T7 


ER2504 


2 


90% 








tac 


ER2504 


0.5 


+ 


T4 DNA ligase 


60 


Ndel, Smal (MCS2) 


tac 


ER2267 


4 


90% 


BamHl* 


26 


NdelSapl (MCS1) 


T7 


ER2504 


1 


75% 


BgHl d 


24 


Xbal, Xhol 


T7 


ER2504 


4 


99% 


£coRV d 


26 


Ndel, Xhol (MCS3) 


T7 


ER2504 


0.5-1 


72% 


Cyclophilin PPIase 


23 


Ndel, Xhol (MCS3) 


tac 


ER2267 


0.5 


+ 


CamKII 


33 


Ndel, Sapl (MCS1) 


11 


ER2504 


0.8 


+ 








tac 


ER2504 


0.8 


+ 



•Abbreviations are as in the legend to Fig. 5. The methods for cloning are described in Fig. 5. ^ 

b ER2267 (Fomenkov et al., 1994) is F~ el4~ (McrA~) end Al SupE44 thi-l A(malB) A(argF-lac)V 169 Pro+zjcxTiLKKanO fhuA2. ER2504 is a 
derivative of BL21(DE3) (Studier et al., 1990) (W. Jack and E.A. Raleigh, NEB, unpublished). 

"The specific activity of each enzyme determined by an appropriate assay is shown as the percentage of the specific activity of the conventionally 
purified enzyme. In cases where the specific activities were not measured quantitatively, a plus (+) indicates that the enzyme showed activity after 
purification, n.d., the activity was not determined. 

*The toxicity of even low levels of restriction endonuclease required the use of pCYB vectors with a T7 promoter and the co-expression of a 
corresponding methylase gene. 
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3. Discussion 

In this paper, we describe a novel protein purification 
system which utilizes the controlled N-terminal cleavage 
activity of a modified protein splicing element. Unlike 
other protein purification methods employing affinity 
tags, this system allows a single-column purification of 
free recombinant proteins from crude cell lysates 
through a unique on-column cleavage reaction induced 
by simple and inexpensive chemical reagents. The intein- 
mediated cleavage separates the target protein from the 
affinity tag and eliminates the need for exogenous pro- 
teolytic cleavage and chromatographic removal of the 
protease and affinity tag from the target protein. 

The key component of this system is the See VMA 
intein modified to undergo cleavage reaction only at its 
N-terminus. The MYB fusion protein was employed as 
a model system to study the cleavage reaction. A unique 
feature of this modified See VMA intein is that the 
cleavage reaction can be induced at 4°C (a preferred 
temperature for purification of proteins) (Fig. 2). Basic 
pH values favored DTT-induced cleavage, probably 
owing to the fact that the cleavage reaction is a nucleo- 
philic substitution involving thiolate anion as the nucleo- 
phile. However, after 16 h incubation at 4°C, cleavage 
was mostly complete at all pH values ranging from 5.5 
to 9.0 (Fig. 2D). This can be an advantage for purifying 
proteins with different pH-stability profiles. 
Furthermore, the ability to carry out cleavage reactions 
at high salt concentrations or in the presence of non- 
ionic detergents may improve the solubility of some 
target proteins. p-ME and DTT at concentrations up to 
5 mM did not result in significant cleavage of MYB 



protein (Fig. 2), and target proteins that are sensitive 
to oxidation can therefore be purified in the presence of 
low concentrations of thiol reagents. After inducing 
cleavage, both 0-ME and DTT formed a thioester bond 
with the C-terminus of the target protein (Fig. IB). In 
the case of the MYB fusion protein, more than 90% of 
the fi-ME or DTT moiety was hydrolyzed from the 
eluted MBP after 1 week storage at 4°C, pH 8.0, result- 
ing in an unmodified MBP with a native C-terminus 
(data not shown). The intein-mediated cleavage reaction 
is highly specific and the target protein should therefore 
have a homogeneous C-terminus. This was supported 
by mass spectrometric analysis and sequencing of the 
C-terminus of the MBP domain after thiol-induced 
cleavage (Chong et al., 1996). Cysteine or hydroxyl- 
amine can also induce N-terminal cleavage reaction, 
resulting in a target protein with a modified C-terminus 
(Fig. IB). For target proteins sensitive to reducing rea- 
gents (e;g., owing to the presence of intramolecular 
disulfide bonds), hydroxylamine can be used for 
inducing cleavage instead of P-ME and DTT. 

To facilitate the purification of fusion proteins, the 
chitin-binding domain (CBD) from B. circulans was 
incorporated into the system. The CBD has an extremely 
high affinity for the chitin beads, which allows better 
recovery of the fusion protein from the crude cell extract. 
In addition, stringent wash conditions (e.g., high salt 
concentration or use of detergents) can be employed to 
reduce non-specific binding, thus increasing purity. 

Another unique feature of this system is its ability to 
allow specific labeling of the C-terminus of a target 
protein. Since the labeled cysteine only reacts with the 
C-terminal DTT moiety of the purified target protein, 
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this method of protein labeling is more specific, less 
laborious and less likely to affect the structure and 
activity of the target protein than other methods of in 
vitro protein labeling (Shumacher and Tsomides, 1996). 
The utilization of purified proteins labeled in vitro at 
their C-termini may facilitate the investigation of their 
biological functions by newly developing techniques 
such as protein footprinting (Shumacher and Tsomides, 
1996). In addition, this system provides an attractive 
alternative method for peptide synthesis and purifica- 
tion. Furthermore, the thiol esters that result from 
intein-mediated cleavage induced by thiol compounds 
can serve as intermediates in peptide ligation (Dawson 
et al., 1994). 

Like other commonly used expression vectors, the 
pCYB vectors use a tac or T7 promoter for expression 
of heterologous proteins in E. coli. Other protein fusion 



systems can sometimes increase the expression of the 
fusion protein by placing a highly expressed affinity tag 
at the N-terminus of the fusion (LaVallie and McCoy, 
1995; Smith and Johnson, 1988; Guan et al, 1988) (e.g., 
MBP, GST, etc.). In the pCYB vectors, however, 
translation of the fusion protein starts with the target 
protein, and therefore the expression level of the fusion 
protein is primarily determined by the expression of the 
target protein itself. We have found that the level of 
protein expression in the pCYB vectors, like T7 pro- 
moter vectors, varies with different target proteins. Using 
a T7 promoter often improves the expression of poorly 
expressed proteins (Studier et al., 1990). However, some 
target proteins, especially those from eucaryotes, are 
expressed poorly in the pCYB vectors (data not shown). 
In the case of CamKII, the purified protein also had a 
lower activity compared to the enzyme purified by a 



mophilus DNA polymerase large fragment (68 kDa); Cyclophilin, Brugia malayi cyclophilin PPIase N-terminal domain (23 kDa); CamKII, a 
calmodulin-dependent protein kinase (33 kDa). For each panel, lanes: 1, crude cell extract; 2, flow through; 3, a fraction after DTT-mduced 
cleavage- for MBP 4, control sample for in vitro labeling using amylose-purified MBP; 5, in vitro labeling of chitin-punfied MBP with 
L-f 35 sWsteine; for BamHl, lane 4, in vitro labeling with L-[ 35 S]cysteine. Methods: All target genes were amplified by PCR to include M nte8t 
their N termini. The gene for Hhal methylase was amplified by PCR from pNW2801 (Caserta et al., 1987) (a gift of Dr. Geoffrey Wilson NEB). 
The forward primer, 5'-GGC GGC CAT ATG ATT GAA ATA AAA GAT AAA CAG CTC-3', contains an Ndel site (underlined) where the 
translation initiates at the ATG codon, and the first eight codons of the Hhal methylase gene (bold). The reverse primer, 5'-GGC GGC £EC 
GAG ata TGG TTT GAA ATT TAA TGA TGA ACC-3', contains an Xhol site (underlined) and the sequence of the last 9 ammo acids of the 
Hhal methylase gene (bold). PCR mixtures (100 ul) contained Vent DNA polymerase buffer (NEB), 4 mM magnesium sulfate, 400 uM of each 
dNTP 1 uM of each primer, 50 ng pNW2801 DNA and 1.0 unit of Vent DNA polymerase (NEB). Amplification was earned out using a Perkin- 
Elmer/Cetus thermal cycler at 94°C for 1 min, 50°C for 1 min and 72°C for 2 min, for 22 cycles. The PCR products were gel-purified and after 
double digestion with Ndel and Xhol, directly ligated to a gel-purified Ndel-Xhol double-digested pCYB vector carrying a tac promoter and MCS3 
to yield pCYB(MHha). R coli strain ER2267 was transformed by pCYB(MHha) and the cells were grown and induced as described below 
for pMYB129. Similar procedures were followed in the cloning and expression of proteins shown in B and Table 1. For MBP, the expression vector 
was pMYB129. A 1-1 culture was induced at 30°C by 0.3 mM IPTG for 4 h. For Bst DNA polymerase large fragment, the cell culture (1 1) was 
induced at 30°C for 4 h. For BamUl, a 100-1 culture was grown in a New Brunswick Magnaferm fermentor at 37°C and then induced at 30°C for 
4 h. The pCYB vectors with a T7 promoter contain an Xbal site between the promoter and the ribosome-binding site. A PCR-generated fragment 
containing the gene for Bglil (Anton et al., 1997), the ribosome-binding site and translation start codon (ATG) was cloned into the Xbal and 
Xhol sites of a pCYB vector with a T7 promoter, and the cells (1 1) were induced at 15*C for 16 h. For EcoRV, the culture (1 1) was induced at 
15°C for 16 h. Expression of restriction endonucleases BamUl (Brooks et al., 1989), Bglll or EcoKV (Kravets et al., 1990) requires the use of 
pCYB vectors with a T7 promoter and the co-expression of a corresponding methylase gene in order to prevent the endonuclease from being too 
toxic to the cells. In the case of BamHl or Bglll, a compatible plasmid (a pACYC184 derivative, NEB) containing the corresponding methylase 
gene was co-transformed into the cells. In the case of EcoKV, the methylase gene was cloned into the same vector as the endonuclease gene but 
under its own promoter. The coding sequence of the N-terminal catalytic domain (residues 1-177) of Br. malayi cyclophilin PPIase was amplified 
frompMAL-CYPIO (a gift of dotilde Carlow, NEB) and cloned into pCYB138, yielding pCYP127. The cells harboring pCYP127 (1 1) were 
induced at 15°C for 16 h. The gene for a calmodulin-dependent protein kinase (CamKII) was amplified by PCR from pSRalpha-CaMK (a gift of 
Dr. Howard Shulman), and the cells (1 1) were induced at 15°C for 16 h. The coding sequence of T4 DNA ligase (Armstrong et al., 1983) was 
amplified from a wild-type phage T4D strain (a gift of Dr. David Shub) and cloned into MCS2 (Table 1), yielding pT4YBl. ER2267 cells bearing 
pT4YBl were induced by 0.3 mM IPTG at 15°C for 16 h. All purification procedures were conducted at 0-4°C. The cell pellet (3-5 g) from each 
1-1 culture was resuspended in 50 ml of column buffer (20 mM Hepes, pH 8.0; 0.5 M NaCl) and broken by sonication. After centrifugation at 
25 000 for 30 min, the supernatant was passed through a column packed with 20 ml of chitin beads (NEB) at a flow rate of 0.5 ml/mm and 
the column was then washed with the column buffer at a flow rate of 2ml/min until the protein content of the eluate reached a minimum 
(OD 595nm <0.05 as measured by Bradford assay). Column buffer (50 ml) containing 30 mM DTT was quickly passed through the column m order 
to distribute DTT evenly throughout the resin and the flow was stopped. The column was incubated at 4°C overnight. Fractions (3 ml each) 
containing the target protein were obtained by eluting the column with the column buffer in the absence of DTT. After elution, 50 ml of 2% SDS 
in the column buffer were passed through the column at room temperature to strip the remaining bound proteins and fractions (4 ml each) were 
collected. The samples were analyzed by SDS-PAGE as described in Fig. 2. The results for Hhal methylase are shown in A. The expression and 
purification of BamHl was similar but conducted on a production scale. The cell pellet (120 g) was resuspended in 500 ml column buffer before 
sonication and the crude cell extract was passed through a 180 ml column of chitin beads (NEB). The DTT-induced cleavage was conducted at 
4°C for 1-3 days. For in vitro labeling of proteins, MBP (1 mg/ml) or BamHl (0.5 mg/ml) was obtained by induction of on-column cleavage of 
the fusion proteins as described above. An aliquot (36 ul) of each freshly eluted sample was mixed with 4 ul of L-[ 35 S]cysteine (11.0 mCi/ml, 
0.0102 umol/ml, Du Pont NEN) and incubated at 4°C overnight. In a control reaction, an aliquot (36 ul) of MBP (1 mg/ml) purified on an 
amylose resin column (NEB) was incubated with 4 ul of L-[ 35 S]cysteine. Sample were electrophoresed on a 12% Tris-glycine PAGE (Novex) 
visualized by autoradiography. 
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f„TnH a t % Th,S be due to P rote * niisfold- 
ing or lack of post-translational modifications in E coli 
or sensitivity to the high concentration of thiol reagent 
during purification. The development of an analogous 
eucaryotic expression system may help to improve *e 
expression and activities of eucaryotic target proteins. 

The level of protein expression in the pCYB vectors 
was also affected by induction temperature. We tZ 
that in most cases (e.g., Bst pol, BamHI, Bglll, EcoRV) 
fusion protein expression was higher at lower induction 

SSS 0 ^ ( 5_30 ° C) *** at 37 ° c (data not sh ™> 

However, ,n some cases (e.g., MBP), the induction 

6 322 Z ^ n0 difference in lC 
different induction conditions should be tested for each 

Duf nT tem m « ° rder t0 achieVe °P timal md «^on. 
Tffl •! rV^^ of the c,eava g e ^tion and high 

- ? D J° f ChitiD ^ W*» usuag 

suited in highty purified target proteins H * 

when the expression of the target protein was inefficient 
signet amounts of other proteins were co-puS 
(Rg. 5B). In the case of cyclophilin and CamKII whose 
expression and final yield were relatively low (Table n 
some impurities could be seen on SDS-PAGE, probably 

SiSt h Pr0t T e specific binding 

to chitm beads, or elution of the fusion protein or fusion 
partner (i.e., intein-CBD fusion). 

thf^f VeCt0rS arC N - terminal ^sion vectors in which 
the C-terrmnus of a target protein is fused to the 
N-terminus of the intein. The structure or sequence at 
the C-termmu S of the target protein may affect cleavage 
efficiency. Preliminary data indicate that some residues 
when pkced immediately adjacent to Cysl, can either" 
block the cleavage reaction or cause in vivo cleavage 
(data not shown). Therefore, in some cases, the addition 
of a favorable residue or sequence between the target 
protein and the rntein may be necessary for the controUa- 

MCS2 and MCS3 for clomng). Furthermore, incomplete 
processing of N-terminal methionine in some fusion 

^ mS ^ ay gCnerate a P rotein ^th hetero- 

geneous N-terrmm. Nevertheless, the method described 
here clearly has many advantages and has been shown 
to drasticaUy simplify protein purification. Using the 
PCYB vectors, many proteins were successfully purified 

,° ne r 1Umn a sparable to or 
geater than the yield using conventional methods. 
Furthermore, most of the tested target proteins retain 
their activities after purification (Table 1 ) 
In conclusion, by combining a modified protein splic- 

we g ht?K W M an tag m P r0tein Purification, 

we have been able to obtain highly purified non-tagged 
recombinant proteins in a single chromatographic sfep. 
Owing to the self-catalytic property of the intein, tWs 
purification system does not require any cellular 
co-factor for cleavage, and the core components of this 
system (,.e., intein-CBD) should therefore be compatible 
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with other expression and purification systems (eg 
yeast, baculovirus, mammalian cells, etc.). 
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